The scattering of X-rays, y-rays and thermal neutrons from atoms or nuclei bound in crystals can proceed via elastic and inelastic channels. Elastic scattering, in particular, diminishes in the presence of thermal inelastic scattering. By consequence, a reduction factor f appears in the amplitude for elastic scattering, which in limiting cases reduces to either the well-known Debye-Waller factor or to the Lamb factor. The presence of static disorder leads to an additional modification of the elastic scattered radiation, causing in particular a reduction of the scattering amplitudes in Bragg reflections. The various static and dynamic reduction factors will be discussed for non-resonant and for resonant scattering of X-rays, y-rays and thermal neutrons.
cases of fast and of slow collisions, depending on whether the lifetime z of the intermediate (resonance) state is short or long compared to typical vibration times zTib of the scattering particle in the lattice. Following Trammel [I] , we arrive at expressions applying to fast and slow collisions, by putting in equation (1) 
reduction factor f which multiplies the fixed scatterer f (k,) f (k,)
amplitude to give the actual amplitude for elastic scattering, depends on the temporal aspects of the
scattering process. Considering first the case of reso-~~~t collisions are here regarded as collisions during nant scattering and assuming a monoatomic lattice which the scattering particle does not move at all, we have 11-51 keeping a strict correlation between the particle
positions in the crystal at times 0 and t. The momentum transfer to the scattering system, R(ko -kf), where p(0) and p(t) specify the displacement from the equilibrium position of the scattering particle at times 0 and t, respectively. The wave-vectors of the incident and scattered waves are represented by k, and k,, while I i > represents the total wavefunction of the particles inside the crystal. It should be noted, that this wavefunction appears unchanged after an elastic scattering process, if taken in the centre of mass system of the entire crystal. The index T indicates a thermal averaging process. We shall now differentiate between the two limiting occurs apparently in one piece. By consequence, the corresponding reduction factor depends on k, -k,.
Such a reduction factor is commonly called a DebyeWaller factor [6-71. By contrast, slow collisions proceed in time intervals during which the positions of a scattering particle at times 0 and t become completely uncorrelated. The momentum transfer to the scattering system now occurs in two successive steps, with transfers Ako and -hk, being associated with the excitation and the reemission processes, respectively. The reduction Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1976602 factor, by consequence, appears as product of factors depending on either k, or k,. These factors are in the literature alternatively called f-factors, g(co)-factors 18-93, Lamb-factors, Lamb-Mossbauer factors and frequently also Debye-Waller factors. In order to avoid confusion, we shall in the following apply the notion Lamb-factor. It should be noted, that the ordinary Lamb factor becomes modified, in case one deals with impurity atoms vibrating mainly in a localized mode [lo] .
The preceeding discussion allows to classify resonance scattering processes, according to the lifetimes of the excited atomic or nuclear states. Resonance scattering of y-rays from nuclei can be classified as slow scattering, as long as the lifetimes of the nuclear states involved are long comparated to lattice vibration times, which are of order s. This situation applies to all recoilless y-transitions, but not to all other resonance fluorescence processes involving highly excited nuclear states. Resonance scattering of X-rays which involve intermediate states in or close to the optical continuum with lifetimes which are short compared to lattice vibration times, can be classified as fast scattering. The scattering of thermal neutrons in the vicinity of neutron resonances is somewhat marginal, with neutron resonance widths yielding lifetimes of the intermediate states which typically are shorter than lattice vibration times, but may approach these times in rare cases, such as for I5'Gd or 'l3Cd. The usual Debye-Waller factor, nevertheless, will represent a rather good approximation in all known cases of resonant scattering of thermal neutrons.
2. Non-resonant scattering. -We shall now also consider the case of non-resonant scattering, where the concept of collision time needs some clarification. Let us, for instance, consider the scattering of photons by atoms. Here one might take as collision time the time of flight of the photon across the atom, 2 Rlc, where R is the atomic radius and c the velocity of light. The condition of fast scattering then is perfectly fulfilled. The situation would be different, however, if instead we would employ as collision time the time it takes for a properly prepared wave-packet Po pass by the scattering atom. For a strictly monochromatic wave we would with this definition, in fact, arrive at an infinitely long collision time. Another even more striking exemple is the case of magnetic scattering of neutrons. Using the time of flight concept introduced above, we would arrive at a situation where collision times are of order of vibration times in the lattice, which would lead to a rather complicated form for the f-factor. What then is the proper concept of collision time. The answer follows immediately, if we consider the usual treatment of elastic scattering by means of perturbation theory. The description of resonance scattering in terms of time-dependent operators demonstrates, as was shown in section 1, that the temporal aspects arise out of the presence of intermediate states. The relevant interaction times are therefore directly given by the lifetimes of these intermediate states. If the scattering process does not involve intermediate states, as is the case with first-order transitions, then we are dealing with spontaneous transitions in the strict quantum mechanical sense and we may consider the interaction times as being infinitely short. Scattering processes involving first-order transitions, therefore, may be classified as fast processes, with all pertinent f-factors assuming the form of the conventional Debye-Waller factor. This situation applies to the non-resonant scattering of thermal neutrons from nuclei as well as to the magnetic scattering of such neutrons. Both processes can be treated in the first Born-approximation. This situation applies as well to the case of non-resonant scattering of X-rays and y-rays. Here, we may regard the non-relativistic Hamiltonian describing the interaction between a photon field characterised by vector potential A and a particle of charge e, mass m and momentum p :
The term proportional to A2, which may be expanded in terms of products of photon destruction and creation operators, gives in first-order rise to photon scattering. This term describes the non-resonant scattering of X-rays and of y-rays by atoms. This type of photon scattering, therefore, represents fast scattering and is associated with the conventional Debye-Waller factor. The term in equation (3) which is linear in A in first-order gives rise only to absorption (destruction) or emission (creation) of photons. Scattering arises only in second-order, i. e. via intermediate states, a situation already discussed in section 1.
We may then summarize the appropriate reduction factors for the amplitude of elastic scattering : It is the Debye-Waller factor given by equation (2a), which applies to non-resonant scattering of X-rays and y-rays, to magnetic scattering of thermal neutrons and to non-resonant as well as resonant nuclear scattering of thermal neutrons. The Lamb factor, given by equation (2b), applies only to nuclear resonant scattering of y-radiation. It should be noted in this context, that all calculations of the pertinent DebyeWaller and the Lamb factors are based upon the validity of the impulse approximation. One thereby assumes that the scattering particle exhibits before and after the interaction a momentum distribution which derives from the binding forces, but that it may otherwise be considered as free. This approximation holds in the weak-binding limit as well as in all cases where the Born approximation may be applied. It therefore appears to be valid for all the processes considered here [I 1, 121.
3.
The influence of static disorder upon resonant and non-resonant scattering. -We finally discuss the modification of the elastic scattering from monoatomic DEBYE WALLER FACTORS AND LAMB FACTORS IN THE SCATTERING OF X-RAYS, ?-RAYS C6-13 crystals, which arises in the presence of static disorder. for which we readily obtain he scattering intensity in-the cases of fast (F) and < exp iK(AXn -> = < exp[iKAxl > 2 + slow ( S ) scattering processes is proportional to (compare equations (2)) :
n and recalling N to be the number of scatterers, we (5)- (7) :
where the summation extends over the N identical scatterers in the crystal, while a is the scattering length or the form factor of the scattering particle and
Here X, describes the ideal equilibrium position of the n-th scatterer, while AX, and p, are the static and thermal displacements, respectively. Using the abreviations introduced in equations (2) and introducing
Apparently, the static disorder, represented by the factor exp[i~(AX, -AX,)], influences the fast and the slow scattering processes in the same fashion. The relevant factor, indeed, is of the form of a DebyeWaller factor, reflecting the fact that static disorder scattering may be classified as fast scattering, in the
The first term in curly brackets is the incoherent elastic scattering, which is isotropic, while the second term represents the coherent scattering, which peaks in the Bragg directions. The disorder factor may be explicitly represented on the basic of a model for the disorder. Assuming, for instance, an isotropic Gaussian distribution with mean square deviation < x2 > of the disorder displacements AX, one obtains readily For the particular case of y-resonance scattering it is of interest to note, that the scattering angle does not appear in the Lamb factors f (k,) and f (kJ, while it does appear in the static disorder factor spirit ofthe terminology employed in section 2. This This distinction is of importance for y-ray diffraction follows immediately from the fact, that the disorder experiments from biological macromolecular crystals, coordinates of one and the same particle do not where one wants to relate scattering amplitudes from change with time and therefore remain rigidly nuclear resonant and from electronic non-resonant correlated over all times. The dynamical factor, by scattering in efforts to determine the phase angles contrast, differs in the two limiting cases of fast and of various Bragg-diffractions 113, 141. A measurement slow scattering.
Assuming now a statistical distribution for the of the temperature dependence of Debye-Waller factors and Lamb factors allows to differentiate the displacements AXn from the equilibrium positions, we may introduce the ensemble average static and dynamic contributions. Such a study has been performed for myoglobin by Parak et al. 1151
< exp ~K(AX, -AX, ) > using an absorption technique.
